The metamorphic conditions and the age of thermal overprint were determined in metapelites, metaarenites and metabasites of the Tethyan Himalayan Sequence (THS) in SE Tibet using Kübler Index and vitrinite reflectance data and applying thermobarometrical (Thermocalc and PERPLEX) and geochronological methods (illite/muscovite K-Ar and zircon and apatite (UTh)/He chronology). The multiple folded thrust pile experienced a thermal overprint reaching locally peak conditions between the diagenetic stage (c. 170 8C) and the amphibolite facies (c. 600 8C at 10 kbar). Burial diagenesis and heating due to Early Cretaceous dyke emplacement triggered the growth of illite in the metapelites. Eocene collision-related peak metamorphic conditions have been reached at c. 44 Ma. During collision the different tectonic blocks of the THS were tectonically buried to different structural levels so that they experienced maximum greenschist to amphibolite facies metamorphism. Later, during Oligocene to Miocene times the entire THS underwent anchi-to epizonal metamorphic conditions, probably associated to continuous deformation in the flysch fold-thrust-system. This period terminated at c. 24-22 Ma. Adjacent to the north Himalayan metamorphic domes, the base of the THS was metamorphosed during Miocene times (c. 13 Ma). Post-metamorphic cooling below c. 180 8C lasted until Late Miocene and took place at different times.
The northward drift of Greater India during the Cenozoic resulted in the closure of the Tethys ocean, the initiation of the India-Asia collision in the Paleocene and the subsequent uplift of the Himalayan Range (c. 55 -50 Ma; e.g. Gaetani & Garzanti 1991; Patzelt et al. 1996; Najman et al. 2005) . The Himalayan arc forms an active WNW-ESE asymmetric fold and thrust belt with a main southward vergence (Fig. 1a, b) . The northern member of the Himalaya is the Tethyan Himalayan Sequence (THS) which is located in the highest structural position within the orogen (Le Fort 1975; Hodges 2000) . For that reason the rocks forming the THS have probably better preserved the early tectonothermal evolution of the Himalayan orogen than other tectonometamorphic units, like the Greater Himalayan Sequence, made up by mid-crustal rocks which has nearly lost its pre-climax memory during metamorphism around 23 -17 Ma (Guillot et al. 1993; Harrison et al. 1997; Searle & Godin 2003; Godin et al. 2006) .
The THS can be traced along the 2500 km of the Himalayan arc between the Nanga Parbat syntaxis in the west and the Namche Barwa syntaxis in the east (Fig. 1) . The Cambrian to Eocene sequence is composed of very variable lithologies, derived from different sedimentary facies zones of the former passive continental margin of the Indian plate (e.g. Brookfield 1993; Willems et al. 1996; Garzanti 1999) . Some tectonic domains are altered only diagenetically and usually low-grade metamorphism was not exceeded (e.g. Fuchs 1967; Hodges et al. 1996; Crouzet et al. 2007) .
The aim of this study is to constrain the postsedimentary evolution of the THS from metamorphic and geochronological data. In the study area ( Fig. 1b ) previous metamorphic and geochronological studies have been focused mainly on the Indus-Yarlung suture zone, Great Counter Thrust and Gangdese Thrust (e.g. Yin et al. 1994; Quidelleur et al. 1997; Harrison et al. 2000; Dupuis et al. 2005) . However our studied profiles are distributed along valleys south of the IndusYarlung Suture where few work has been done before.
Kübler Index (KI) for 'illite crystallinity', vitrinite reflectance data, and K-Ar dating of micron and sub-micron fractions of illite are used to constrain the degree and age of metamorphism on metapelites, slates and sandstones of the Triassic flysch, which is the dominant metasedimentary sequence of the eastern THS. Thermobarometric methods (Thermocalc and PERPLEX, Holland & Powell 1998; Connolly & Petrini 2002, respectively) were applied on metamorphosed basic dyke rocks, which experienced a greenschist to amphibolite facies overprint.
Geological setting
The major tectonic structures in the Himalayan Range are from south to north, the Himalaya Frontal Thrust (HFT), the Main Boundary Thrust (MBT), the Main Central Thrust (MCT), the South Tibetan Detachment System (STDS), the Great Counter Thrust (GCT) and the Indus-Yarlung Suture Zone (IYSZ; Fig. 1b, c; Hodges 2000; Upreti 2001 and references therein; Yin 2006) . These structural discontinuities divide the Himalaya into three main units traceable along the entire mountain belt. The Lesser Himalayan sequence between MBT and MCT is composed of Proterozoic -Cambrian sediments deposited on the proximal Indian shelf. Paleocene sediments are found in the eastern part of the belt (Stöcklin 1980; Valdiya 1980) . This sequence was deformed by thrust and folds under very low-grade metamorphic conditions (Le Fort 1975; DeCelles et al. 2001; Robinson et al. 2003; Paudel & Arita 2006) . The Greater Himalayan Sequence (GHS) in the hanging wall of the northdipping MCT consists of high grade metasediments, meta-igneous rocks (Le Fort 1971; Pêcher 1975; Grujic et al. 2002) and leucogranitic intrusions in the footwall of the STDS (e.g. Guillot et al. 1993; Searle & Godin 2003) . The uppermost unit, the Tethyan Himalayan Sequence is bordered by STDS and GCT and forms the cover of the Greater Himalayan Sequence. The middle part of the THS is characterized by the outcrop of the North Himalayan gneiss domes, which contains leucogranite bodies of Early Miocene age (e.g. Lee et al. 2000; Leech 2008 ). 
The Tethyan Himalayan Sequence
The Tethyan Himalayan Sequence involves a Cambro-Ordovician to Eocene pile that crops out along c. 150 km between STDS and IYSZ (Fig. 1; Brookfield 1993; Pan et al. 2004) , deposited on the passive northern margin of the Indian continent (Fuchs 1967; Willems et al. 1996; Garzanti 1999) . The Gyrong-Kangmar thrust in south -central Tibet divides the Tethyan Himalaya into two subunits (Liu & Einsele 1994) . The southern sub-unit, north of the STDS, is formed by more than 13 km thick Cambrian to Eocene carbonates of the former passive margin, whereas the northern sub-unit is composed of Cretaceous clastic sediments recording the separation of the Indian plate from Gondwana and the drift to abyssal conditions (Willems et al. 1996) . Towards the east, in SE Tibet, Lhunze fault ( Fig. 2) separates the passive palaeomargin into two sub-units (Pan et al. 2004; Aikman et al. 2008) . South of it, the Tethyan sediments are composed of Cretaceous clastic rocks, Jurassic -Cretaceous marine clastic rocks intercalated with intermediate -basic volcanic rocks, and marine limestones in the hanging wall of the STDS ( Fig. 2 ; Pan et al. 2004) . The sub-domain north of the Lhunze fault is build up by turbiditic sandstones and slates -subsequently called as flysch sequence. It was deposited in abyssal and bathyal environments between Middle Triassic and Early Jurassic (Mercier et al. 1984; Pan et al. 2004; Dupuis et al. 2005) . In the north the flysch is juxtaposed against rocks of the active palaeomargin (Lhasa block), ophiolites related to the IYSZ and the mélange complex (Heim & Gansser 1939; Ratschbacher et al. 1994; Yin et al. 1994; Quidelleur et al. 1997) . The mélange complex (limestones, cherts, marbles, shales, phyllites, andesites, diorites, mafic and ultramafic bodies) was deposited on the growing Neo-Tethys ocean floor (e.g. Searle 1986 ). The southern border of the Lhasa block is made up of Cretaceous clastic rocks and the Gangdese granite (Yin et al. 1994; Harrison et al. 2000; Pan et al. 2004) . Ophiolites are widespread distributed along the suture and related to a suprasubduction environment (Ding et al. 2005; Dupuis et al. 2005 Dupuis et al. , 2006 .
Mafic magmatism
In SE Tibet the Tethyan flysch sequence is penetrated by basalt, diabase, gabbroic diabase, diorite, olivine websterite and lherzolite dykes (Zhu et al. 2008; Xu et al. 2009 ). The silica content is typically between 43-55%. The thickness of the dykes is variable; it ranges from a few metres to c. 100 m. The texture and the typical crystal size are also very variable from fine grained, nearly aphanitic to very coarse-grained holocrystalline. In the ultramafic members poikilitic or cummulate textures are typical. According to zircon SHRIMP U -Pb geochronology the dykes intruded 145-130 Ma ago (Xu et al. 2009 ). Some of the magmatic bodies and typically their interior parts show well preserved magmatic textures, but in many occurrences the dykes are strongly deformed and transformed to chlorite or amphibole schists. The dykes form usually dissected boudins; the margins and the contact aureoles of the dykes are mainly detached or altered to banded, chaotic, mica-rich zones.
Structural setting of the Tethyan Himalaya
The entire Tethyan sequence has been folded and imbricated during several tectonic phases. In the southern sector of the study area the main deformation phase (Eohimalayan phase : Hodges 2000) is related to the Middle Eocene to Late Oligocene collision of India against Asia. It is characterized by top-to-the-south thrust faults and south-facing folds (e.g. Burg & Chen 1984; Ratschbacher et al. 1994; Carosi et al. 2007; Aikman et al. 2008; Montomoli et al. 2008 , Antolin et al. 2011 . During the subsequent Neohimalayan (Hodges 2000) tectonic phase, north-facing folds with a related axial plane cleavage were developed (e.g. Carosi et al. 2007; Montomoli et al. 2008; Kellett & Godin 2009 , Antolin et al. 2011 . In the study area these two deformation phases are well developed. The first one is widespread in the southern sector, whereas the second one is well-developed in the northern portion. Consequently, two structural domains have been distinguished by Montomoli et al. (2008) and Antolin et al. (2011) .
Both deformation phases (D1 and D2) are associated to folds (F1 and F2 respectively) with related axial plane foliations (S1 and S2). The S1 foliation is associated to a synkinematic recrystallization of chlorite, white mica, calcite, quartz and oxides. The strain of the D2 phase increases progressively towards the north at the point that S2 foliation transposes the S1 foliation in the northern more strained areas. S2 foliation is a crenulation cleavage in the southern sector with no dynamic recrystallization, whereas in the north, it is associated to dynamic recrystallization of chlorite, white mica, calcite, quartz and oxides (Montomoli et al. 2008; Antolin et al. 2011) . Godin (2003) used cross-cutting relationships of the different structural elements and U -Pb geochronology to date the D2 fold structures in the Annapurna area as Oligocene. In central Nepal Crouzet et al. (2007) dated the D2 tectonic phase by K -Ar ages of newly formed illite with c. 30-25 Ma. The synchronous activity of the STDS and the MCT along the Himalayan arc resulted in the exhumation Fig. 2 . Simplified geological map of SE Tibet (after Pan et al. 2004; Yin, 2006; Aikman et al. 2008; Antolin et al. 2011). of mid-crustal rocks of the GHS c. 23 -17 Ma ago (Godin et al. 2006 with references) . By Th -Pb ion microprobe dating on monazite grains from the Khula Kangri granite, the age of activity of the STDS was dated to be younger than 12.5 Ma in the Eastern Himalaya ( Fig. 2 ; Edwards & Harrison 1997) . The displacement along the MCT in the western Arunachal Pradesh was dated to be c. 10 Ma by U -Th ion microprobe dating of monazite inclusions in synkinematic garnets (Yin 2006) . During this time interval, the northern part of the Tethyan Himalaya was thrust along the GCT to the north at about 17 Ma in the south -central Tibet and between 18-10 Ma near Zetang ( Fig. 2 ; Ratschbacher et al. 1994; Harrison et al. 2000) . The final tectonic phase took place during Miocene times when orogen parallel (east -west) extension triggered north-south-trending normal faults in form of graben structures, cross-cutting both the Lhasa block and the Tethyan Himalaya. In the study area related structures are formed by the Yadong Gulu Graben at the western margin of the study area and the Cona Graben at longitude of c. 928E ( Fig. 2 ; Armijo et al. 1986; Garzione et al. 2003) .
Samples
The study area is situated south and SE of Lhasa along a 250 km long stripe where the Triassic flysch of the Tethyan sediments form the widest belt in the Himalayan chain (Figs 1 & 2) . The present study focuses on north -south profiles along valleys between Nagarze in the west (90820 0 E) and Gyaca in the east (92850 0 E). From west -east, the main studied valleys are given by the name of the major localities (length of the profile in brackets): Nagarze (85 km), Zetang (45 km), Qusum (70 km) and Gyaca (17 km). 203 samples were collected from metapelites and arenites of the Triassic flysch sequence, from the basaltic-dioritic dykes, and greenschists formed from these magmatic rocks.
The metapelites are typically dark grey to black with a total organic carbon content of 2-4 wt% and a sulphur content of 0.01-0.3 wt%. They are rich in early diagenetic pyrite cubes with crystal size up to 2 cm. Sandstone layers (grey, well-sorted quartz-litharenites, with some wackes and red quartzites) are widespread in the sequence. The deformation of the flysch assemblage varies strongly along north -south profiles (e.g. Montomoli et al. 2008; Antolin et al. 2011 ) and the post-sedimentary overprint ranges from the diagenetic stage to greenschist and amphibolite facies. Thus, microscopic textures and mineral assemblages of samples from different structural domains vary from purely sediment to completely recrystallized schists (see Fig. 3a -d) .
The mafic -intermediate magmatites usually form several metres wide dykes or house-sized, dissected boudins. They experienced a very variable degree of deformation. In the internal zones of the coarsest gabbro and diorite bodies even primary mafic minerals are well preserved, but the margins of the magmatic bodies commonly show transformation to chlorite-muscovite schist. In tectonic units where the degree of metamorphism is high penetrative, ductile deformation is widespread and the entire volumes of the magmatites were transformed to greenschist or amphibole -garnet schist (see Fig. 3e , f).
Methods

Kübler index ('illite crystallinity')
For Kübler index (KI) estimation and K -Ar dating, the fractions ,0.2, ,2 and 2-6 mm nominal size were separated from fine grained, pelitic -silty samples as follows. After crushing the samples to c. 1 cm size, only homogeneous, fine-grained rock fragments, completely free of limonite staining, detrital mica flakes and calcite or quartz veins were selected. The hand-picked aliquots were crushed and ground in a ring mill (vibration mill equipped by hard metal inlays) for 10 to 20 s, sieved and split into two parts. The ,63 mm fractions were used to extract the illite-rich fractions of ,2 mm by settling in Atterberg cylinders. A second aliquot of ,2 mm fraction was used to separate the fraction ,0.2 mm by an ultra-centrifuge. Due to the coarse crystal size of newly grown mica, it was not possible to produce a sufficient amount of ,0.2 mm fraction in samples with a relatively high degree of metamorphism. From these samples the ,2 and 2-6 mm fractions were investigated. The mineralogical composition of all fine aliquots was examined by X-ray diffraction.
The KI is the half height peak width of the 10-Å illite peak in X-ray diffractograms (Kübler 1990) . Digital measurement of KI was carried out by step scanning (301 points between 7 -108 2Q, with scan steps of 0.0108 2Q, integration time 4 s, receiving slit 0.1 mm, automatic divergence slit) on a Philips PW 1800 diffractometer. The KI values were calculated by the IDEFIX computer program developed at the Geoscience Centre of the University of Göttingen by D. Friedrich and was rewritten to FORTRAN by K. Ullemeyer (Geomar, Kiel) in 2005. To detect the expandable layers of mixedlayer minerals, measurements were carried out in 'air dry' and 'glycolated' state of the size fractions. All samples were investigated in duplicates, and the KI-values are given in D82Q as an average of the two measurements. As suggested by Kübler (1967 Kübler ( , 1968 Kübler ( , 1990 ) the anchizone is limited by 0.25 and 
Vitrinite reflectance
Apparent maximum, minimum (R max , R min ) and random vitrinite reflectances (R r ) were measured on polished sections cut perpendicular to the foliation, using polarized light and plane polarized light, respectively. The measurements were carried out at wavelength of 546 nm. Reflection was recorded on fine-dispersed vitrinite particles characterized by an elongated shape, smooth surface and strong bireflectance, without any traces of oxidation and/or re-deposition.
Thermobarometry
Petrographic thin sections were polished, carbon coated and analysed using a JEOL JXA 8900 electron microprobe. A tungsten filament was used as electron source. The acceleration voltage for quantitative wave length dispersive spot analyses and line scans was set to 15 kV. The beam current was adjusted to 15 nA with a beam diameter of 5 mm. The count time for the peak position for each element was 15 s. The lower and upper background was measured for 5 s each. A Phi-Rho Z matrix correction was applied on all measurements (Armstrong 1991). The following phases were used as standards for the analysed elements: olivine_SC, albite, sanidine, TiO 2 , hematite, anorthite, wollastonite, rhodonite, Cr 2 O 3 and NiO.
The pressure and temperature (pT) conditions for samples WE-12 and Sr-21-a were calculated with Thermocalc (Holland & Powell 1998; Powell & Holland 2006) were obtained using the average pT mode or avpT. The PC Version 3.32 of Thermocalc with the internally consistent dataset tc-ds55s, obtained from the Thermocalc resource page (http://www.metamorph.geo.uni-mainz.de/ thermocalc/index.html) was used. To convert the mineral compositions into chemical activities the program AX, by T. J. B. Holland (http://rock.esc. cam.ac.uk/astaff/holland/index.html) was used. After each run of Thermocalc the activities of the phases were iteratively recalculated with AX. This was done until a best fit between the pT results of Thermocalc and the calculation conditions for AX was achieved. The crucial s fit value of the avpT mode of Thermocalc (Powell & Holland 2006) was observed during the calculations. The quoted pT values are within the s fit range.
The computer program PERPLEX (Connolly & Petrinin 2002; Connolly 2005 ) was applied to construct a phase diagram section or pseudosections (Powell & Holland 2008 ) of sample SR-21-a. The pseudosection was utilized to plot the garnet composition isopleths of the four garnet end members (almandine, pyrope, grossularite and spessartine). The necessary chemical information was obtained with a whole rock XRF analyses as well as electron microprobe spot analyses of garnet cores. The intersection of four isopleths yields the range of pT conditions during the initial growth period of the garnets. This approach is discussed by J. A. D. Connolly on the PERPLEX resource page (http://www. perplex.ethz.ch/perplex_pseudosection.html).
K -Ar geochronology
The argon isotopic composition was measured in a Pyrex glass extraction and purification line coupled to a VG 1200 C noble gas mass spectrometer operating in static mode. The amount of radiogenic 40 Ar is determined by isotope dilution method using a highly enriched 38 Ar spike from Schumacher, Bern (Schumacher 1975 ). The spike is calibrated against the biotite standard HD-B1 (Fuhrmann et al. 1987) . The age calculations are based on the constants recommended by the IUGS quoted in Steiger & Jäger (1977) . Potassium is determined in duplicate by Eppendorf Elex 63/61 flame photometer. The samples are dissolved in a mixture of HF and HNO 3 according to the technique of Heinrichs & Herrmann (1990) . CsCl and LiCl are added as an ionization buffer and internal standard, respectively. The analytical error for the K -Ar age The texture elements are sedimentary in character, the detrital components are not oriented and deformed, the pressure solution is hardly detectable. Width of image is 4.3 mm. (c) Typical, crenulated texture of the low-grade metapelites. S1 and S2 are respectively the foliations developed during D1 and D2 tectonic phases according to Montomoli et al. (2008) and Antolin et al. (2011) . Width of image is 3.8 mm. calculations is given on a 95% confidence level (2s). More details of argon and potassium analyses are given in Wemmer (1991) .
(U-Th)/He thermochronology Zircon and apatite crystals were concentrated by standard mineral separation processes (crushing, sieving, gravity and magnetic separation). Only clear, intact, euhedral single crystal aliquots were dated. The shape parameters were determined and archived by multiple microphotographs and used for the correction of alpha ejection (Farley et al. 1996) . The crystals were wrapped in c. 1 Â 1 mm-sized platinum capsules and degassed in high vacuum by heating with an infrared diode laser. The extracted gas was purified using a SAES Ti -Zr getter at 450 8C. The chemically inert noble gases and a minor amount of other rest gases were then expanded into a Hiden triple-filter quadrupol mass spectrometer equipped with a positive ion counting detector. Crystals were checked for degassing of He by sequential reheating and He measurement. Following degassing, samples were retrieved from the gas extraction line, spiked with calibrated 230 Th and 233 U solutions. Zircons were dissolved in pressurized Teflon bombs using distilled 48% HF þ 65% HNO 3 in five days at 220 8C, while apatites in 2% HNO 3 . The actinide and Sm concentrations were determined by isotope dilution method using a Perkin Elmer Elan DRC II ICP-MS equipped with an APEX micro-flow nebulizer.
Results
Sheet-silicate mineralogy and Kübler Index values
The studied grain size fractions are composed mainly of illite/muscovite, chlorite, paragonite, quartz and minor albite. Kaolinite, smectite and carbonates were not detected. The illite/chlorite ratios are typically high and thus well-suited both for KI determination and for K -Ar geochronology (DB-47 in Fig. 4 ), but sometimes the chlorite is the dominant sheet silicate (CE-6E in Fig. 4 ). In some samples there is a discrepancy between the crystallinity state of illite/muscovite and chlorite, although the correlation of Kübler and Á rkai indices is usually very good (e.g. Á rkai 1991; Potel 2007). In these cases we assume that well-crystallized Fig. 4 . XRD patterns of oriented, air-dried ,2 and ,0.2 mm fractions demonstrating the characteristic mineralogical composition of the analysed samples. I/M, illite/muscovite; Chl, chlorite; Q, quartz; DB-47, A typical metapelite sample, the dominant component is illite/muscovite and the amounts of Q and Chl are subordinate. CI-6E, A rare and less optimal composition, as chlorite is more abundant than illite. DB-36, Beyond the well crystallized illite the chlorite peaks are very diffuse.
illite/muscovite crystals are detrital in origin, whereas the chlorite is newly-formed at low pT conditions. Paragonite is also present in several samples (Fig. 5a ). Peak deconvolution performed on the double-peak white mica XRD patterns (using FITYK, Wojdyr 2007) suggest that K -Na 'mixed layer phases' are present (Livi et al. 1997; Á rkai et al. 2003) .
The KI values dominantly indicate an anchizonal -epizonal overprint, only one sample is in the diagenetic zone (Table 1; Fig. 6a ). The good correlation between the air-dried and glycolized samples indicates that there are practically no expandable smectite layers in the majority of the samples (the only exception is sample DB-19; see Fig. 5b ). This property of the crystal lattice is important for the evaluation of K -Ar ages (see below).
K -Ar ages
The lack of smectite interlayers in the dated samples indicates that the proportion of exchangeable cations is low that is, crystals are closed for cation migration. Thus, we do not need to count some unpredictable Ar diffusion processes due to a non-illitic lattice.
The illite/muscovite K -Ar ages range between 106-14 Ma (see Table 2 , Fig. 6b ). The potassiumoxide content is in each case below the stoichiometric composition of muscovite and varies between 3.4-7.1 wt%. The proportion of radiometric argon shows an even wider scatter between 13 -98%. These two parameters correlate well (Fig. 7) . The samples are grouped according to the present sheet-silicate assemblage. The illite-rich samples show the highest K content and the highest proportion of radiogenic argon. The chlorite-bearing fractions contain less K and Ar*, and even smaller values are observed in the paragonite-bearing samples. Figure 7 shows high amounts of atmospheric argon in paragonite and chlorite and indicates mixing between K-bearing and K-free phases.
Vitrinite reflectance
Random vitrinite reflectance values range from 1.6 -4.1%Ro. Two samples (DB-37, DB-39) contain graphitized organic matter with R max values above 9.8%, Table 3 ). The areal distribution of the measured values in the study area is presented in Figure 6c .
Metamorphic pT conditions determined by Thermocalc and PERPLEX
Thermobarometric analyses were performed on two metamorphosed dykes collected in the NE part of the study area (WE and SR sites; see Fig. 2 ). The mineral paragenesis of sample WE-12 is Ms, Chl, Carb, Q, /Ep and in sample SR-21a Amp, Grt, Ep, Chl, Fsp, Q, /Carb (Fig. 3e, g ). Mineralogical and textural evidences indicate the absence of a retrograde transformation or complex deformation. Note: Italics in the columns of Kübler Index indicates that paragonite is also present among the sheet silicates. In some cases it was not possible to express the KI. Site WE-12. For Thermocalc method 19 analyses of a total of 74 spots were selected. (Kohn & Spear 1991; Powell & Holland 1994) , it should be replaced by a minimum error of 50 8C (Powell & Holland 2008 ).
Site SR-21a. Thermocalc evaluations of sample SR-21-a were performed on mineral assemblages in the vicinity of garnets. According to microstructural observations, the Grt-Fsp-Chl-Am assemblage is in equilibrium. In the surroundings of eight selected garnet crystals a total of 122 spot analyses were performed in the adjacent mineral phases. Analyses of the garnet rims were used to estimate the metamorphic conditions with Thermocalc (Spear 1995) . The garnet compositions determined in the cores of the crystals forms the base for the PERPLEX method. The results of two data sets yielding the smallest 2s errors (see Table 4 ) are 531 8C (2s ¼ 13 8C), 9.4 kbar (2s ¼ 1.0 kbar) at s fit ¼ 0.87 and 511 8C (2s ¼ 12 8C), 10.0 kbar, (2s ¼ 0.9 kbar) at s fit ¼ 0.48, respectively. The reported 2s errors are underestimating the real uncertainty (see above), thus we use a minimum of 50 8C and 1 kbar respectively.
For the PERPLEX calculations 10 spot analyses of garnet cores, with totals between 99.5 wt% and 101 wt%, were selected and averaged (Table 4) . The PERPLEX garnet isopleths for sample SR-21-a are depicted in Figure 8 . The pT result for this sample is estimated by 600 + 50 8C and 7.4 + 1.5 kbar.
(U -Th)/He ages
Zircon and apatite helium ages (ZHe and AHe, respectively) together with the analytical details are listed in Table 5 . The dated localities are plotted in Figure 6b . The amounts of actinide elements for all single crystal ZHe measurements are at least 20 times higher than the limit of detection. The ZHe ages are slightly different in the samples, but they cluster mainly in the Late Miocene (12.2 -7 Ma), only the southernmost sample (DB-12) resulted in an Oligocene age. Only one sample of a metamorphosed dyke (WE-12) contains proper apatite crystals for He-chronology resulting in a Late Miocene AHe age.
Discussion
Low-grade pelites potentially contain detrital white mica grains, carrying the signal of the crystallization conditions and age of the source region of the sediment (Hower et al. 1963; Hurley et al. 1963 ). The distinction of the inherited and newly formed generations of sheet silicates in grain size fractions is difficult and such aliquots result in typically mixed ages. However, white micas formed in basic and intermediate magmatic rocks are exclusively metamorphic in origin. Therefore these white micas are free of any inherited signals and their K -Ar ages reflect the age of metamorphism or cooling. Thus, we will separately discuss the results yielded from metapelitic and metabasic lithologies.
Conditions and age of metamorphism of some basic dykes
Thermobarometric analyses indicate greenschist facies metamorphism for the WE sites and amphibolite facies metamorphism for the SR sites. The greenschists of the WE sites contain well developed white mica crystals (Fig. 3e) . They are aligned along the main foliation, indicating crystallization during the S1 tectonic phase (Montomoli et al. 2008; Antolin et al. 2011) . White mica does not occur in mafic magmatic rocks as primary phase and the texture of this folded greenschist does not show any relict magmatic element. Therefore, the muscovites are completely metamorphic in origin. In these sites S2 foliation is a crenulation cleavage not associated to dynamic recrystallization (Antolin et al. 2011) . The corresponding K-Ar ages are 43.7 and 44.1 Ma. Noticeable are the high percentages of radiogenic argon ( Table 2 ). The two samples were collected in c. 1 km distance from two distinct metamagmatite bodies of different chemistry and deformation degree. We interpret these ages as the formation age of the muscovites, recording the age of greenschist facies metamorphism that took place in a part of the THS east of the Yala Xiangbo dome. These ages resemble the emplacement age of the Dala granite (44.1 + 1.2 Ma, U -Pb zircon dating; Aikman et al. 2008) , located 25 km SE of the sampled sites. At this location the Dala granite intruded into a low structural level and experienced some near-solidus deformation (Fig. 3h) that occurred simultaneously or soon after the emplacement. Similar ages (c. 44 Ma) for peak metamorphic conditions have been detected also in the underlying GHS tectonic unit using Th -Pb and U -Pb datings on monazites (Catlos et al. 2002 (Catlos et al. , 2007 Carosi et al. 2010) .
The key observation for the amphibole-garnet schist of SR site is the difference in the calculated pressures using Thermocalc and PERPLEX methods. The Thermocalc p-estimate of the garnet rim assemblages is at least 2 kbar higher than the PERPLEX estimate of the garnet core. This indicates prograde metamorphism during garnet growth. Table 4 ).
Here it is important to note that the studied site is far away (.60 km) from the next metamorphic dome (Yala Xiangbo dome). Thus an immediate heating from the lower structural unit has to be excluded. The available samples did not allow geochronological dating, but we assume that the amphibolite facies metamorphism was co-genetic with the c. 44 Ma old greenschist facies event detected at the WE sites, discussed above.
Low-grade metamorphism of metapelitic samples
The geothermometrical and geochronological data from sub-greenschist facies pelitic lithologies are not so well constrained as the results measured on orthometamorphic rocks of higher pT conditions (like the data discussed above). Anchi-and epizonal conditions result in incomplete, disequilibrium phase transformations. This fact is supported by field observations. The metapelitic samples show a very variable intensity of white-mica growth, even detectable within a single outcrop. The mica growth process is strongly controlled by the host lithology. In silty and sandy protoliths the neoformation of white mica is in a more advanced state than in neighbouring pelitic lithologies. We assume that three major factors are responsible for this difference: (1) the high permeability of the arenitic lithologies; (2) the local liberation of potassium and increase of K þ activity during decomposition of feldspar grains and lithic fragments in arenites; and (3) the presence of dispersed organic material in pelitic lithologies probably embedding the silicate phases and reducing locally the diffusivity and mineral growth. Figure 6 presents the results obtained on metapelitic samples projected on the schematic geological map of the study area. The sample sites with the highest metamorphic degree are related to tectonic slices derived from the deeper part of the THS situated close to the Yala Xiangbo dome (e.g. site TU-6). For the proper understanding of the evolution of the studied THS area we have to evaluate the KI data in concert with the argon geochronology. In epi-and anchizonal overprinted areas the mineral transformation is usually incomplete and the individual crystallinity and age data typically show apparent values, which are actually points along mixing or transformation curves. The interpretation of individual data is difficult and can result in misleading conclusions. Thus, we do not force an individual interpretation for each single sample or sample site, but rather to process all data synoptically in order to identify the major epochs of the thermal evolution for the entire eastern THS.
The KI values are controlled by the ratio of newly formed to detrital illite. It usually increases towards finer size fractions. Using two fractions, the finer one is richer in newly formed sheet silicates and always indicates a value closer to the conditions of the latest metamorphic event (Reuter 1987; Clauer & Chaudhuri 1999) . The same is true for the K -Ar ages of these size fractions. The detrital grains carry an old age signal, while the newly grown population gives always a younger K -Ar age (Hower et al. 1963; Hurley et al. 1963) . By combining the KI with the K -Ar ages, the ratio of newly formed to detrital illite can be estimated, especially if the initial detrital age is known.
The KI measured on different size fractions and the corresponding K-Ar ages of the metapelites in SE Tibet are plotted on Figure 9 . The plot shows clear trends. The older K -Ar ages are measured in samples having a lower KI. With increasing KI the argon ages are getting younger. The ,0.2 mm fractions, being rich in newly formed illite, show less ordered illite structures and younger K -Ar ages than the ,2 mm fractions. The distances between the projection points of the two size fractions become smaller with increasing metamorphic degree. For samples showing the youngest K -Ar ages, the two fractions give indistinguishable results. We assume that in these cases both size fractions are dominated by the newly formed white mica. This convergence indicates equilibrium conditions and the ages (c. 24 -22 Ma) are considered as the cessation of illite growth. These sites are structurally controlled by the D2 deformation and S2 foliation became the main penetrative foliation (Harrison et al. 2000; Montomoli et al. 2008; Antolin et al. 2011) . 
Estimation of the maximum metamorphic temperature of metapelites by organic maturation
The vitrinite reflectance cannot be converted directly to temperature, because the transformation of organic material is a kinetic process (e.g. Barker & Pawlewicz 1986; Sweeney & Burnham 1990) . Peak temperature estimation for the Triassic flysch was performed by means of three different algorithms, assuming different effective heating times (Fig. 10) . For the selection of the most reliable curve we have to consider the effective heating time. The above outlined K -Ar ages indicate that the final metamorphism of the Triassic flysch took place in Oligocene-Miocene time, thus we exclude both long-lasting maximum temperature conditions as well as a shock-heating process. The most probable duration of the maximum temperature is between c. 5 and 15 Ma. Thus, we use the Bostick (1979) and the Sweeney & Burnham (1990) algorithms assuming 10 Ma effective heating time to estimate the range of maximum temperature (Fig. 10) 
Miocene greenschist facies metamorphism at the base of THS
The sample set of site TU-6 was collected close to the detachment of the Yala Xiangbo dome, a zone that was intruded by thin leucogranitic and aplitic dykes. The dykes have only weekly developed chilled margins. This sample site represents a deep structural level of the THS. Newly grown, well developed muscovite crystals dominate the microtexture and KI indicates a highly crystalline lattice of the white mica. The muscovite K -Ar ages are the youngest in the studied sample set (14.2-13.9 Ma; Fig. 6b ). This age range is close to the c. 13.5 Ma muscovite K-Ar age reported from the Yala Xiangbo dome by Aikman et al. (2004) .
Post-sedimentary metamorphic evolution of the Tethyan flysch in SE Tibet
The evolution of the region is rather complex. To better describe the evolution of the eastern Tethyan Himalayan Sequence we compiled therefore the known thermal and tectonic events and the assumed mineral transformations and illite forming periods in a scheme (Fig. 11) .
The burial history is reconstructed from the subsidence curve of Jadoul et al. (1998) estimating the minimum amount of burial of the Triassic flysch. In their study the sedimentary sequence was interpreted as a near-shore facies assemblage, thus, according to the observed facies differences, the thickness of the total Mesozoic pile in the study area is probably much higher. In the assumed depth of at least 4 to 5 km, the burial diagenesis can already generate new clay mineral assemblages (Meunier & Velde 2004 ), thus we consider the sedimentary burial as the first illite-forming epoch (Fig. 11) .
The oldest argon ages of the coarsest size fractions, dominated by detrital mica, are much younger than the typical Precambrian mica ages of the Indian basement rock, being presumably the source area of the flysch (Gaetani & Garzanti 1991) . They are even younger than the c. 250-210 Ma age of sedimentation. On the other hand, the oldest detrital (mixed) ages are older than the Eocene (c. 44 Ma) greenschist facies metamorphic event detected in the metabasic rocks. The lack of pre-Mid Cretaceous detrital mica ages indicates that there was a post-sedimentary reset older than the Cenozoic collision of THS. The most plausible Fig. 11 . Synopsis of the tectonothermal evolution of the Tethyan Himalayan flysch in SE Tibet. Time intervals emphasized by grey vertical lines are the major deformation periods dated as c. 44 Ma and an Oligo-Miocene one, which terminated at c. 24-22 Ma. Different processes were resulted in white mica growth, which took place in more periods, both in diagenetic and in metamorphic conditions. Lines represent the evolutions of different tectonic blocks of THS.
candidate for the post-Triassic, pre-Eocene thermal reset of the detrital mica Ar-age is the high heat flow during Early Cretaceous magmatism of the region (Zhu et al. 2008; Xu et al. 2009 ). We assume that at c. 140 Ma a significant part of the THS was in anchi-and epizonal conditions and the emplacement of the dykes and the formation of their hydrothermal aureoles triggered the formation of white mica in the pelites (Fig. 11) .
During Eocene times the THS experienced locally greenschist and probably also amphibolite facies metamorphism. This metamorphic event was related to the underthrusting of tectonic units during the Himalayan collision. A part of our data measured on metapelites shows a very weak overprint, thus several tectonic blocks-mainly in the southern part of the THS-occupied only shallow depths during the Eocene subduction.
During Oligo-Miocene times the ongoing shortening deformed the northern zones of the THS (Harrison et al. 2000; Montomoli et al. 2008; Antolin et al. 2011) . The formation of illite is common, but the intensity of the deformation and the mineral growth is very variable (Fig. 11) . The majority of the KI and K-Ar data from the THS were formed in disequilibrium conditions and actually they are the results of pre-Neogene and Neogene events (see e.g. Fig. 9 ). This indicates that the maximum thermal overprint during Miocene times usually did not exceed anchizonal-epizonal conditions. After the Oligocene to Miocene stacking, the pile of the Tethyan Himalaya was penetrated by the Yala Xiangbo dome and associated leucogranitic dykes (TU-6 site) reached greenschist facies conditions. The youngest K -Ar ages are around 14 Ma and they were measured on samples from the deepest part of the sequence, probably close to the basal detachment (represented by gray line in Fig. 11 ). However, this overprint was local, because in the main part of the THS the illite K -Ar ages typically show only partial reset and the newly grown illite has a low degree of crystallinity.
The obtained ZHe ages (between 30 and 7 Ma) are interpreted as cooling ages. Samples from the northern part of THS indicate a complete reset in the Miocene and prove that the currently exposed level of the THS was situated deeper than the c. 180 8C isotherm until the Late Miocene. The oldest ZHe age (sample DB-12: 39.6 Ma) was measured on a site at the southern margin of the Triassic flysch belt, which experienced only a diagenetic overprint. This Oligocene He-age and the weak overprint indicate that some tectonic blocks in the southern part of the flysch belt were in a shallow position, both during Eocene subduction and during Oligo-Miocene shortening (represented by dashed line in Fig. 11 ).
The only sample that contains datable apatite crystals yields a 6 Ma AHe age. This single datum and the calculated c. 70 8C closure temperature suggest an average post-Miocene cooling rate of c. 10 8C/Ma. (Hodges 2000; Guillot et al. 2003) . (3) Oligo-Miocene (terminated at c. 22 Ma).
Conclusions
The northern part of the THS, from Zetang to the east, experienced anchi-to epizonal metamorphism with a of deformation and thermal alteration. We assume that this process was associated to a crustal shortening period that probably terminated c. 22 Ma ago. This north-south shortening phase can be correlated to the D2 tectonic phase as defined by Godin (2003) , Kellett & Godin (2009), and Antolin et al. (2011) , or to the Neohimalayan phase of Hodges (2000) . (4) Miocene (between c. 18 and 13 Ma). The very base of the Tethyan Himalayan Sequence in the surroundings of the Yala Xiangbo dome experienced a greenschistfacies overprint. The formation of white micas or the cooling below their argon closure temperature took place c. 13 Ma, caused by the emplacement and exhumation of the Yala Xiangbo dome. † Zircon and apatite (U -Th)/He ages indicate that the post-metamorphic cooling history lasted until Late Miocene times. The final cooling was not coeval in the whole THS, the northern zones experienced a later cooling probably induced by the exhumation of the hanging wall of the south-dipping Great Counter Thrust along its backthrust plane. The published thrusting ages of the MCT, STDS (see Godin et al. 2006) and GCT (Yin et al. 1994; Ratschbacher et al. 1994; Quidelleur et al. 1997; Harrison et al. 2000) suggest that these three tectonic structures where active during the same time interval. † Methodologically, the present study showed the important role of the lithological constraints on the development of metamorphic minerals. The growth of white mica and garnet was hindered by high organic content and low permeability in the metapelites, while the metaarenitic lithologies always contain much coarser and well-developed metamorphic minerals. Consequently, textures and sometimes even the paragenesis of meta-arenites and meta-tuffs indicate higher metamorphic conditions than the adjacent metapelites.
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